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PURPOSE. The role of naloxone, an opioid receptor antagonist, on microglial inhibition and neuroprotective effects has been reported in lipopolysaccharide (LPS)-induced neurodegeneration and light-induced photoreceptor degeneration. The authors evaluated the effects of naloxone on Ccl2 Ϫ/Ϫ /Cx3cr1 Ϫ/Ϫ (DKO) mice, a murine model of age-related macular degeneration (AMD). METHODS. Two-month-old DKO and wild-type controls were given daily intraperitoneal injections of naloxone or PBS for 2 months. Animals were examined monthly by funduscopy. Ocular tissue was analyzed histologically and in retinal flat mount preparations. Ocular A2E was measured using HPLC. Quantitative RT-PCR analyzed TNF-␣, IL-1␤, IL-10 and TLR4 transcripts in the DKO eyes and LPS activated culture microglial cells. Serum nitrite was measured using Griess colorimetric reaction. RESULTS. Naloxone ameliorated the clinical progression and severity of retinal lesions in the DKO mice compared with those of untreated controls. Histopathology also showed less focal retinal degeneration in the treated DKO mice than in controls. The aggregation of microglia in the outer retina in DKO mice was significantly reduced in naloxone-treated animals compared with control untreated DKO. Ocular TNF-␣, IL-1␤, and TLR4 transcripts and A2E were significantly lower in naloxone-treated DKO animals and cultured microglial cells than in controls, as were serum nitrite levels. CONCLUSIONS. Naloxone significantly reduces the progress of retinal lesions in DKO mice. Naloxone modulates microglia accumulation and activation at the site of retinal degeneration, which may be mediated by inhibition of the proinflammatory molecules of NO, TNF-␣, and IL-␤. The potential therapeutic effects of naloxone on retinal degeneration, including AMD, warrants further investigation. (Invest Ophthalmol Vis Sci. 2011;52:2897-2904) DOI:10.1167/iovs. N aloxone is a synthetic and nonselective antagonist of Gprotein-linked classic opioid receptors widely expressed in the central and peripheral nervous systems. This drug is used in the standard treatment of heroin overdose. Structurally, naloxone closely resembles the naturally occurring opiate morphine and binds to opioid receptors in a stereospecific manner with L-naloxone as the functional enantiomer. 1, 2 The neuroprotective effect of naloxone has been demonstrated in an in vitro neuron/glia culture system 3, 4 and in in vivo lipopolysaccharide (LPS)-induced neurodegeneration and Parkinson's disease models. 5, 6 These effects are unlikely to be related to the opioid system because both L-and D-isomers of naloxone can effectively inhibit microglial activation and the production of NO, TNF-␣, and superoxide-free radicals. [7] [8] [9] Microglia in the brain and retina have a myeloid origin and enter the CNS during embryological development and serve to maintain normal retinal function in the adult animal. 10 They are activated by retinal injury and degeneration, transforming from a stellate, ramified morphology to an amoeboid shape. These activated microglia proliferate, migrate to areas of injury, phagocytize debris, secrete proinflammatory cytokines and chemokines, and can also exert neurotoxic effects. 11 In the young healthy retina, microglia are located in the inner retina 12 ; however, with aging, they can migrate to the outer retina and the subretinal space. 13 Activated microglia have also been reported to accumulate in the lesions of various neurodegenerative diseases, including age-related macular degeneration (AMD). The accumulation and activation of microglia may constitute the important aspects of chronic neuroinflammation that trigger neurodegeneration. 14 -17 Inhibition of microglial activation has been found to promote neuronal survival and to protect against neurodegenerative changes. 7, 18, 19 Recently, the neuroprotective effect of naloxone in a rat model of light-induced photoreceptor degeneration has been reported through the inhibition of activated microglia. 20 However, there are controversial data regarding the effect of naloxone on neuronal damage and its role on activated microglia: naloxone is reported to inhibit the protection against LPS plus IFN-␥-induced microglial injury under morphine, 21 but naloxone is also reported to effectively block microglial involvement in the combined Mn and LPS neurotoxicity. 22 Ccl2
Ϫ/Ϫ (DKO) mice develop focal retinal lesions that progress with age and resemble macular lesions found in AMD in both clinicopathologic and biochemical aspects. 23, 24 Microglial activation and accumulation are also commonly observed in the retinas of DKO mice. 25 In this study we evaluated the effect of naloxone on the activated microglia in the retinal AMD-like lesions of DKO mice.
MATERIALS AND METHODS
This study was conducted in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. All animal experiments were performed under the protocols approved by the National Eye Institute Institutional Animal Care and Use Committee.
Animals
The development of DKO mice has been described previously.
23 DKO mice demonstrate a broad spectrum of AMD-like pathologic features that have early onset and high penetrance. These features include focal retinal lesions visible on funduscopy and histology. The lesions are characterized by focal RPE, photoreceptor, and outer retinal layer degeneration. In addition, DKO mice exhibit increased ocular A2E accumulation on biochemical analysis and altered innate and adaptive immunities including abnormal patterns of microglial accumulation and migration. [23] [24] [25] Wild-type (WT) mice were of the C57BL/6 background. Two independent experiments involving 21 DKO and 20 WT mice were performed.
Experimental Protocol
Two-month-old DKO and WT mice were given daily intraperitoneal injections of D-naloxone (Sigma, St. Louis, MO) (0.13 mg in 0.1 mL PBS) for a period of 2 months. Control animals of both strains were given 0.1 mL PBS alone on a similar schedule. In the first experiment, 11 mice (6 DKO, 5 WT) received naloxone, and 6 mice (3 DKO, 3 WT) received PBS. In the second experiment, 16 mice (8 DKO, 8 WT) received naloxone, and 8 mice (4 DKO, 4 WT) received PBS. Funduscopic examinations were conducted at monthly intervals. Experimental animals were euthanatized 2 months after treatment, and sera and eyes were collected for analyses.
Funduscopic Photography
Experimental animals were administered systemic anesthesia before fundus photography. Tropicamide ophthalmic solution (1%) (Alcon Inc., Fort Worth, TX) was used for pupillary dilation. After pupillary dilation, an endoscope (Karl Storz, El Segundo, CA) coupled with a digital camera was used for fundus photography, which was documented as the presence of deep focal retinal lesions, pigmentary alterations, retinal vascular, and optic nerve head abnormalities. Fundus photographs were captured in the same area over repeated examinations and graded by a masked observer. Sequential photographs were scored for the presence of progression or regression according to a previous publication. 26 Progression was defined as a Ͼ10% increase of deep retinal and subretinal spot (lesion) number, Ͼ50% increase in spot diameter in at least one-third of the spots, Ͼ5 fused spots, or Ͼ2 chorioretinal scars in comparison with the previous observation. Regression was defined as a Ͼ10% decrease of deep retinal lesion number and a Ͼ50% decrease in spot diameter in at least one-third the spots.
Histopathology
Harvested eyes were fixed in 10% formalin for at least 24 hours and then embedded in methacrylate. In the first experiment, 8 eyes from 4 DKO and 4 WT mice that were treated with naloxone and 6 eyes from 3 DKO and 3 WT that received PBS were collected for histopathology. In the second experiment, 16 eyes from 16 mice (4 eyes from 4 mice in each group) were collected for histopathology. The eyes were serially sectioned through the vertical pupillary-optic nerve plane. Six initial sections were cut and stained with hematoxylin and eosin. If an ocular lesion (e.g., photoreceptor degeneration, dystrophy, atrophy, RPE abnormalities, chorioretinal neovascularization) was observed in the initial sections (4 m thick), another 6 to 12 sections would be cut through the lesion. These slides were also stained with periodic acid Schiff to highlight the Bruch's membrane and the basement membrane of small neovascular vessels. The severity of retinal lesions was compared with the mean percentage of the whole retina that contained degenerative lesions in each group.
Immunohistochemistry in Retinal Flat Mounts
Immunohistochemistry in retinal flat mounts was conducted as previously described. 27 Briefly, retinal tissue was gently dissected free from other ocular structures as an intact sheet and fixed in 4% paraformaldehyde in 1ϫ PBS (pH 7.3), and retinal flat mounts with the photoreceptor layer positioned uppermost were prepared. Immunohistochemical staining was performed on the sections with Alexa 555-conjugated peanut agglutinin (PNA) to label cone outer-segment sheaths to mark the position of the outer retina. Staining with 4Ј,6-diamidino-2-phenylindole (DAPI; 1:1000), a nuclear marker, was also used. Immunohistochemical staining with primary antibodies to ionized calciumbinding adaptor molecule-1 (Iba1; Wako Chemicals, Richmond, VA), a marker constitutively expressed by microglia, and major histocompatibility complex (MHC) class II, a marker often expressed on activated microglia, were also performed. The stained retinal tissue was examined and counted for microglia under a confocal microscope (SP2; Leica, Bannockburn, IL).
A2E Extraction and Quantification
is the major component of lipofuscin fluorophores generated from the visual cycle flux of all-transretinal. The molecule is particularly relevant to aging and AMD pathogenesis. 28 The mice were kept in the dark for Ͼ12 hours before being killed. A2E in the eye was extracted with chloroform/methanol, as previously described. 26 Detection and quantification was performed (1100 LC system; Agilent, Wilmington, DE). A gradient of 50% to 90% acetonitrile (T. J. Baker, Phillipsburg, NJ) in 0.1% trifluoroacetic acid (T. J. Baker) was used to separate A2E on a C18 column (Zorbax; Agilent) at a flow rate of 1 mL/min. A2E was quantified using external A2E standards.
RNA Isolation and Quantitative Real-Time PCR
Total RNA was isolated from mouse eyes by an extraction method (TRIzol-phenol-chloroform; Invitrogen, Carlsbad, CA). RNA yield and purity were determined photometrically with a spectrophotometer (DU640; Beckman Coulter, Fullerton, CA). Real-time polymerase chain reaction (PCR) enables quantitative detection of small amounts of mRNA. After the usual isolation of RNA, the total RNA was transferred to complementary DNA (cDNA) using reverse transcriptase (SuperScript II; Invitrogen). cDNA was then used for the specific PCR. Relative quantification of gene expression was performed with specific primers using a quantitative (q) PCR system (MX3000P; Agilent, La Jolla, CA) and qPCR primer assays kits (SA Biosciences, Frederick, MD). All primers and probes were designed to cross intron/exon boundaries to avoid amplification of genomic DNA. Each 25-L reaction volume contained 1ϫ PCR master mix (SYBR Green/Rox; SA Biosciences, Frederick, MD), 0.4 M of each primer, and 2 L cDNA.
The cDNA was amplified with specific primers for 40 cycles. ␤-Actin (primers 5Ј-CCCAGCACAATGAAGATCAA-3Ј and 5Ј-ACATCT-GCTGGAAGGTGGAC-3Ј) was simultaneously processed in the same sample as an internal control. The levels of TNF-␣, IL-1␤, IL-10, and TLR4 gene expression primed by RT 2 qPCR primers (SA Biosciences) were determined as the relative ratio to compare with the same gene expression in a universal RNA. The relative expression in gene change was calculated by comparative ⌬⌬CT methods. All experiments were performed at least twice.
Mouse Retinal Microglia Cells: In Vitro Experiment
Culture of mouse retinal microglia cells was obtained as previously described. 29 Briefly, microglia were isolated from retinas of young C57BL/6 mice (postnatal day [P] 10-P30). Isolated retinas separated from RPE cells were cultured. After the mixed culture had grown confluent, microglia were found distributed on the top of the cell layer and could be detached by shaking the flask by hand. These retinal microglia were incubated overnight with various dosages of LPS exposure. After LPS exposure, the microglia were divided into two groups: those with and those without naloxone (1 M) for 24 hours. The cells were then harvested. Total RNA was isolated and subjected to qPCR, as described.
Measurement of Serum Nitrite
Serum nitrite levels were measured using the colorimetric Griess assay. 30 Briefly, 20 L serum was diluted with distilled water to 500 L and mixed with equal volume Griess reagent, containing 1.0% sulfanilamide, 0.1% N-(1-naphthyl) ethylenediamine dihydrochloride, and 2.5% phosphoric acid (Sigma-Aldrich, St. Louis, MO). Absorbency was read at room temperature by a spectrophotometer (DU640; Beckman Coulter) at 550 nm in reference to a standard nitrite quantitative curve.
Statistical Analysis
Statistical analyses were compared by 2 test. Multiple means were compared by one-way analysis of variance, followed by Duncan's multiple-range test for post hoc comparison of means. Differences were considered significant when P Ͻ 0.05.
RESULTS
The two independent repeated experiments yielded reproducible results. Experimental end-point data (funduscopy, histopathology, immunohistochemistry, and A2E) were pooled and presented as described.
Naloxone Slowed the Progression of DKO Retinal Lesions
Mean funduscopic examination scores from baseline to 2 months increased in control DKO mice (ϩ1.36 Ϯ 0.32 points) but decreased in treated DKO mice (Ϫ0.75 Ϯ 0.28 points). The effect of naloxone treatment in DKO mice was discernible after only 1 month of treatment. The treated DKO mice demonstrated slower progression than the PBS-injected control DKO mice (Ϫ0.32 Ϯ 0.25 vs. ϩ1.21 Ϯ 0.29; P ϭ 0.001). Representative funduscopic photographs were illustrated in Figure 1 . Naloxone administration to WT mice for 2 months had no effect on retinal structure.
The clinical effect of naloxone was confirmed by ocular histology and biochemistry. Histopathologic studies found that the mean percentage of the retinal area that contained degenerative lesions in control DKO mice (38.70% Ϯ 9.80%) was higher than in the naloxone-treated DKO mice (18.00% Ϯ 13.10%) (P ϭ 0.048). Naloxone-treated mice also had smaller focal retinal lesions and less extensive loss of photoreceptors (Fig. 2) . The frequency of focal retinal abnormalities such as photoreceptor and RPE degeneration was lower in the treated mice than in the untreated controls. Ocular A2E measured significantly lower in naloxone-treated DKO mice (12.92 Ϯ 4.35 pM) than in control DKO mice (18.19 Ϯ 2.06 pM) (P ϭ 0.016).
Naloxone Decreased Ocular Expression of Proinflammatory Cytokines, TLR4, and Serum Nitrite but Leveled Ocular Expression of IL-10 in DKO Mice
Naloxone-treated eyes, compared with the eyes of the control WT mice, showed significantly reduced levels of transcripts for the inflammatory related molecules TNF-␣ (P Ͻ 0.001), IL-1␤ (P ϭ 0.049), and IL-10 (P ϭ 0.036) but not for TLR4 (P ϭ 0.700). Similarly, TNF-␣, IL-1␤, and TLR4 expression levels were significantly reduced (P ϭ 0.006, P ϭ 0.004, and P ϭ 0.014, respectively) in DKO mice after naloxone treatment (Figs. 3A-D) . However, IL-10 mRNA levels in DKO mice did not change significantly (P ϭ 0.119). The results are illustrated in 
Naloxone Decreases Retinal Microglia Accumulation and Activation in the Outer Retina in
The effect of naloxone treatment on microglial accumulation in the outer retina was also analyzed in retinal flat mounts (mounted photoreceptor-side uppermost) in treated and control WT and DKO mice. Few Iba1-positive microglia were detected in the outer retina in both treated and control WT animals; however, in control DKO animals, large numbers of strongly Iba1-positive microglia were found in the outer retina at the level of the photoreceptors. By comparison, in naloxonetreated DKO mice, microglia in the outer retina were fewer in number, stained less intensely for Iba-1, and had a more rami-WT DKO Naloxone The transcript levels in the eyes were higher in DKO control than in WT control mice. Naloxone treatment reduced the expression level in both strains of mice. The reported fold changes in mRNA levels using the ⌬⌬CT method were reported relative to the calibrator, the universal gene expression, which has a value of 1. fied morphology than control DKO animals, suggestive of a less activated phenotype (Fig. 4) . Quantification of microglia in the outer retina revealed that treated DKO animals had significantly reduced microglial numbers, both within the central retina and within retinal lesions, compared with control DKO animals (Fig. 5) . Differences in outer retinal microglial numbers between control and treated WT animals, because of the small number of microglia found, were not statistically significant (P ϭ 0.45).
Naloxone Suppressed LPS-Induced Proinflammatory Molecular Expression In Vitro
Without LPS, retinal microglia (Fig. 6 ) produced few IL-1␤ (1.4-fold), IL-10 (1.2-fold), TLR-4 (1.4-fold), and TNF-␣ (1.4-fold) transcripts in normal culture medium (Fig. 7) . LPS exposure significantly increased these proinflammatory molecules in a dose-response relationship (TNF-␣, 6-to 9-fold; IL-1␤, 2-to 5-fold; TLR-4, 3-to 6-fold; and IL-10, 2-to 4-fold). Naloxone treatment considerably lowered the releasing of these molecules, particularly TNF-␣ expression. When exposure to the highest dosage of LPS (100 ng) or in the most activated state, naloxone significantly decreased the expression of these inflammatory genes on the culture microglia cells.
DISCUSSION
In the present study, naloxone significantly reduced the progression of retinal lesions in DKO mice as visualized clinically and on histopathologic examination. Furthermore, retinal A2E levels in the DKO mice treated with naloxone were significantly lower than in the control nontreated DKO mice. Naloxone also decreased microglia accumulation and activation at the site of retinal degeneration, which might possibly have been mediated, at least in part, by the downregulation of inflammatory molecules NO, TNF-␣, and IL-1␤, that were observed with treatment ( Table 1 ). The downregulation of these proinflammatory molecules is also demonstrated in the activated microglia in vitro, which is in line with recent studies on primary rat mesencephalon microglia. 22 Naloxone is a nonselective antagonist of opioid receptors. It is a -opioid receptor competitive antagonist; the 3 receptor is linked to NO production and inflammation mechanism. Acting on these receptors, naloxone may well protect NO-induced neuronal damage. 31, 32 Retinal changes in DKO mice are indicative of a chronic, low-grade, neuroinflammatory process. 25 Chronic neuroinflammation involves not only the activation of microglia and the consequent sustained release of various inflammatory mediators but also oxidative and nitrosative stress. 33 Microglial activation can play important roles in controlling or adapting to stress, or both. The activated microglia can adopt different phenotypes, depending on the local diseased tissue environment and on systemic influences. In earlier stages of disease, microglia have the potential to be relatively benign, to contribute to disease progression, or perhaps even to be pro- Microglial accumulation in the outer retina was visualized in retinal flat mounts (mounted with photoreceptor-side uppermost) by immunohistochemical staining with Iba1 (green). Outer retinal cone sheaths were labeled with Alexa-555 conjugated PNA (red), marking their position in the outer retina. In WT retinas, few microglia were observed in the outer retina in both treated and control animals (left).
In DKO retinas, clusters of aggregated microglia were found in the outer retina in control-treated animals (top, right), but comparatively fewer microglia were observed in the naloxone-treated animals (bottom, right).
tective. 34, 35 Transplantation of bone marrow-derived stem cells to rd1 mice was effective in rescuing retinal degeneration, possibly because of the recruitment of bone marrow-derived microglia that are protective of inherited retinal neurovascular degeneration. 36 However, chronic activation of microglia may lead to exaggerated microglial responses, leading to retinal damage and neuronal apoptosis, 11 which have been demonstrated in models of light-induced retinal degeneration, 37, 38 animal models of glaucoma, 39, 40 and genetic models of various retinal degenerations. 41, 42 The slow degeneration of neurons and their processes might also activate microglia. In fact, a positive feedback loop has been hypothesized in which microglia activated by neuronal degeneration secrete neurotoxic molecules, which in turn promote further neurodegeneration, thereby initiating a self-perpetuating degenerative process. Therefore, the accumulation and recruitment of activated microglia in the retinal lesions and subretinal space of the DKO mice can be easily observed. 25 Microglia with predominantly activated phenotypes have been documented in many chronic neurodegenerative diseases, such as Alzheimer disease, 43 Parkinson disease, 44 and AMD. 17, 45, 46 In this study, the number of microglia in the DKO treated with naloxone was significantly decreased (P ϭ 0.0005). In addition, the treated microglia recovered to normal morphology. Activated microglia often release abundant IL-1␤ and TNF-␣, the two well-studied molecules that promote neuronal degeneration. 47 TNF-␣ is an inflammatory cytokine and has been found in a subset of microglia that is closely associated with retinal vessels. 48 Anti-TNF-␣ therapy has been reported to reduce both the size and the leakage of laser-induced choroidal neovasculature in mice. 49 We have also reported higher ocular TNF-␣ transcripts in the DKO mice that became lower when the retinal lesions were rescued with an omega-3-rich diet in these mice. 26 Similar to TNF-␣, IL-1␤ is produced during neurodegenerative diseases. In a recent study, IL-1␤ is found to play a crucial role in the activation of microglia by kainic-acid (a neurotoxicant), which results in increased excitability of rat hippocampal neurons in vitro and in vivo. 50 Our present study reveals significant decreases of IL-1␤ and TNF-␣ transcript levels in the naloxone-treated DKO mice, resulting in the suppression of activated microglia and the amelioration of retinal AMD-like lesions.
IL-10 is a potent anti-inflammatory cytokine produced by Th2 lymphocytes, B-lymphocytes, and macrophages. IL-10 suppresses the production of TNF-␣ and IL-1␤. 51 In a recent study, ultralow-dose naloxone was able to upregulate IL-10 expression and to suppress neuroinflammation in morphine-tolerant rats. 52 However, ocular IL-10 levels did not change statistically in the naloxone-treated DKO mice compared with the control mice.
Toll-like receptor (TLR)-4, 1 of 10 mammalian paralogs with homology to the Drosophila protein Toll, is the central component of the LPS receptor. 53 The highly specific LPS-sensing function of TLR4 is known to display exquisite sensitivity to LPS. Exposure of microglia to LPS results in the initiation of intracellular cascades, leading to the nuclear translocation of NF-B and the expression of proinflammatory mediators including NO and TNF-␣. This process depends on the binding of LPS to microglial cellular surface membrane receptors TLR4 and CD14. 54 In the CNS, TLR4 is expressed predominantly by microglia when activated by various endogenous or exogenous molecules, lead to microglia activation, and release proinflammatory cytokines including TNF-␣ and IL-1␤. 55 Recently, naloxone was reported to attenuate MnCl2 and LPS-induced free radical generation (NO), cytokine release (TNF-␣ and IL-1␤), and dopaminergic neurotoxicity through the involvement of microglia. 22 Our data support that naloxone can effectively downregulate ocular TLR4 and to inhibit TNF-␣, IL-1␤, and oxidative stress mediators of serum NO. The anti-inflammatory and neuroprotective effects are likely through the reduction of microglia activation and accumulation. Naloxone may be considered an alterative therapy to target activated microglia in AMD. 
